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Purpose: To assess the association between subchondral sclerosis detected at baseline with MRI and
cartilage loss over time in the same region of the knee in a cohort of subjects with knee pain.
Methods: 163 subjects with knee pain participated in a longitudinal study to assess knee osteoarthritis
progression (KOAP). Subjects received baseline knee radiographs as well as baseline and 3-year follow-up
MRI examinations. Baseline subchondral sclerosis and bone marrow lesions (BMLs) were scored semi-
quantitatively on MRI in each region from 0 to 3. Cartilage morphology at baseline and follow-up was
scored semiquantitatively from 0 to 4. The association between baseline subchondral sclerosis and
cartilage loss in the same region of the knee was evaluated using logistic regression, adjusting the results
for age, gender, body mass index, and the presence of concomitant BMLs.
Results: The prevalence of subchondral sclerosis detected by MRI in the regions of the knee varied be-
tween 1.6% (trochlea) and 17% (medial tibia). The occurrence of cartilage loss over time in regions varied
between 6% (lateral tibia) and 13.1% (medial femur). The prevalence of radiographically-detected sub-
chondral sclerosis in compartments varied from 2.9% (patellofemoral) to 14.2% (medial tibiofemoral). In
logistic regression models, there were no signiﬁcant associations between baseline subchondral sclerosis
detected by MRI and cartilage loss in the same region of the knee.
Conclusion: Baseline subchondral sclerosis as detected by MRI did not increase the risk of cartilage loss
over time.
 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.1e6Introduction
Changes in subchondral bone play an important role in the nat-
ural history of osteoarthritis. Previous studies using magnetic
resonance imaging (MRI) have demonstrated the effects of sub-
chondral bonemarrow lesions (BMLs) on the adjacent cartilage, and
it has been shown that edema-like BMLs are associated with both
incidence and progression of cartilage loss in the sameM.D. Crema, Department of
loor, Boston, MA 02118, USA.
ema).
ternational. Published by Elsevier Lcompartment of the knee . These lesions have a characteristic
appearance on MRI, displaying ill-deﬁned areas of high-signal in-
tensity on ﬂuid-sensitive sequences, and low-signal intensity onT1-
weighted images7,8. It has also been demonstrated that bone attri-
tion, which is deﬁned on imaging as ﬂattening or depression of the
articular surface unrelated to gross fracture9, is associated with
progressive cartilage loss in the same compartment of the knee10.
Histologically, most of these degenerative subchondral bone
changes detected byMRI are areas of bonemarrowﬁbrosis, necrosis,
and trabecular abnormalities7,8, and are thought to represent sub-
chondral bone remodeling in response to increased loading1,3,11.
The role of subchondral bone sclerosis as detected by MRI in the
natural history of knee osteoarthritis (OA) has received little atten-
tion in the literature.On radiographyandcomputed tomography (CT)td. All rights reserved.
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alteration of increased density12,13. On MRI, it is described as ill-
deﬁned low-signal intensity in the subchondral bone on ﬂuid-
sensitive and T1-weighted images7. Although subchondral bone
sclerosis and BMLs appear to be very different on MRI, histologically
they aremuch alike7. Thus, it is possible that bone sclerosis, aswell as
edema-like BMLs are related to stiffness and higher local sub-
chondral bone mineral density (BMD). This stiffness and increased
subchondral BMDmay diminish the capacity of the bone to dissipate
forces on the knee joint during loading, thereby transmitting more
load onto the adjacent articular cartilage, eventually damaging the
cartilage14. One could argue that subchondral sclerosis may also be
responsible for cartilage loss over time in the same compartment of
the knee, a relationship that has already been demonstrated with
other degenerative subchondral changes such as BMLs and attrition.
In light of these considerations, we tested the hypothesis that
MRI-detected subchondral bone sclerosis at baseline is longitudi-
nally associated with cartilage loss in the same compartment of the
knee, in a cohort of subjects with knee pain.
Methods
Study design and subjects
The subjects for this cohort study were recruited between 2002
and 2005; recruitment has been described previously in detail15.
Brieﬂy, subjects aged from 40 to 79 years with knee pain were
recruited as a random population sample in the Greater Vancouver
area in Canada. Inclusion required: (1) age 40e79 years, (2) pain,
aching, or discomfort in or around the knee on most days of the
month at any time in the past, and (3) any pain, aching, or
discomfort in or around the knee in the past 12 months. Inclusion
criteria 2 and 3 were based on a previous study16 assessing the
prevalence of knee pain in the population, and were determined to
be the most appropriate for recruitment of subjects with earlier
stages of OA. In subjects with bilateral knee pain, the more symp-
tomatic knee was used as the study knee. Further, after enrollment,
subjects were evaluated for duration of pain in detail, frequency of
pain (number of days over the past month), and pain location using
a knee diagram. A standardized knee examination was performed
by a rheumatologist (JC) previously shown to have high inter-
observer reliability17. Recruitment was conducted using stratiﬁed
sampling to achieve equal representation within age decades and
gender. Subjects were excluded at baseline if they had inﬂamma-
tory arthritis or ﬁbromyalgia, previous knee arthroplasty, knee
injury or surgery within the previous 6 months, knee pain referred
from hips or back, or were unable to undergo MRI.
All subjects were invited for a clinical and imaging follow-up
after 3 years18. Exclusion criteria at follow-up were: (1) total knee
arthroplasty; (2) inﬂammatory arthritis; (3) inability to undergo
MRI; (4) comorbidity; (5) inability to travel to the study center. Of
255 subjects seen at baseline, 1 (0.4%) was deceased, 25 (9.8%) were
lost to follow-up with unknown status and 35 (13.7%) declined to
participate. The remaining 194 subjects (76.1%) were screened for
eligibility. Of these, 28 (14.4%) were not eligible and three subjects
did not complete their MRI. A total of 163 subjects completed all
study assessments and were included in this analysis. All subjects
provided written informed consent. The study was conducted in
accordance with the Declaration of Helsinki and was approved by
the Clinical Research Ethics Board, University of British Columbia.
Radiographic assessment
Baseline knee radiographs were obtained using a ﬁxed-flexion
technique with the SynaFlexer positioning frame19 and a skylineview in the supine position. The SynaFlexer can accurately repro-
duce the knee ﬂexion angle to provide consistent positioning at
baseline and follow-up. Radiographs were scored at baseline using
the KellgreneLawrence (KL) grading system by two independent
readers who were blind to clinical and MRI information20. Differ-
ences in readings were adjudicated by consensus readings of the
two readers. Also, the presence or absence of any subchondral
sclerosis e ill-deﬁned hyperattenuating areas within the sub-
chondral bone e in the medial and lateral tibiofemoral compart-
ments, as well as in the patellofemoral compartment, was assessed
in the radiographs at baseline by a single musculoskeletal radiol-
ogist (SN).
MRI assessment
Baseline and 3-year follow-up MRI assessments of the study
knee were performed for all subjects. MRIs were acquired on a
General Electric 1.5 T magnet (General Electric Medical Systems,
Milwaukee, WI) using a transmitter-receiver extremity knee coil
(Quality Electrodynamics, LLC).
The imaging protocol included four MRI sequences: (1) fat-
saturated T1-weighted three-dimensional spoiled gradient-
recalled acquisition in the steady state sequence with images ob-
tained in the sagittal plane with reformat images in the axial and
coronal planes (repetition time [TR] 52 ms (ms), time to echo [TE]
10 ms, ﬂip angle 60, ﬁeld of view [FOV] 12 cm, matrix 256 _ 128,
section thickness 1e1.5 mm, with one signal averaged); (2) fat-
saturated T2-weighted fast spin-echo (FSE) sequence with images
obtained in the coronal plane (TR 3,000 ms, TE 54 ms, echo train
length [ETL] 8, FOV 14 cm, matrix 256 _ 192, section thickness
4 mm, with an intersection gap of 1 mm with two signals aver-
aged); (3) T1-weighted FSE sequence with images obtained in the
oblique sagittal plane (TR 450 ms, TE minimum full, ETL 2, band
width 20 Hz/pixel, FOV 16 cm, matrix 384 _ 224, section thickness
4 mm, with an intersection gap of 1 mm with two signals aver-
aged); and (4) T2-weighted FSE sequence with images obtained in
the oblique sagittal plane (TR 4,025 ms, TE 102 ms, ETL 17, band
width 20 Hz/pixel, FOV 16 cm, matrix 320 _ 288, section thickness
3 mm, with an intersection gap of 0 mm with four signals
averaged).
MRIs were assessed semiquantitatively by a single musculo-
skeletal radiologist (AG), whowas blind to radiographic and clinical
information. The study knee was divided into six distinct regions
for assessment of cartilage morphology, BMLs, and subchondral
sclerosis: medial and lateral tibial plateaus, medial and lateral
femoral condyles, the patella, and the trochlear groove.
Cartilage morphology was scored on a 0e4 scale in each region
as previously described by Disler et al.21, on both baseline and
follow-up MRIs: 0 ¼ normal; 1 ¼ abnormal signal without a
cartilage contour defect; 2 ¼ contour defect of <50% cartilage
thickness; 3 ¼ contour defect of 50e99% cartilage thickness; and
4 ¼ 100% cartilage contour defect with subjacent bone signal ab-
normality. In order to increase the sensitivity to longitudinal
changes of cartilage morphology, we applied a within-grade
scoring system which allows for assessment of any change
(improvement or worsening) in depth and size of cartilage lesions
over time, within the same grade of pathology22.
Subchondral BMLs were scored at baseline from 0 to 3 for each
region of the knee as: 0¼ none; 1¼<25% of the subregion, 2¼ 25e
50% of the subregion; 3 ¼ >50% of the subregion. BMLs were
considered as ill-deﬁned areas of high-signal intensity on T2-
weighted fat-saturated FSE images and low-signal intensity on
T1-weighted FSE images.
MRI-detected subchondral sclerosis was considered as ill-
deﬁned areas directly in contact with the subchondral bone and
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(Fig. 1). For assessment of subchondral sclerosis in different se-
quences available, the images were evaluated with the FSE se-
quences paired and simultaneously displaying to the reader so the
differentiation between subchondral sclerosis and subchondral
BMLs could be achieved. Subchondral sclerosis was scored at
baseline from 0 to 3 for each region of the knee as: 0 ¼ none;
1¼ <25% of the subregion, 2¼ 25e50% of the subregion; 3 ¼>50%
of the subregion (Fig. 2).
The intra-reader reliability (intraclass correlation) ranged from
0.80 (95% CI 0.72e0.86) to 0.92 (95% CI 0.89e0.94) for cartilage
morphology, from 0.81 (95% CI 0.74e0.86) to 0.93 (95% CI 0.90e
0.95) for BMLs (except for patellar BMLs which was 0.58 (95% CI
0.45e0.69)), and from 0.63 (95% CI 0.52e0.73) to 0.79 (95% CI 0.71e
0.85) for subchondral sclerosis (except for patellar subchondral
sclerosis, which was 0.31 (95% CI 0.16e0.44)).
Statistical analysis
An increase of grade (or within-grade) in the cartilage
morphology from baseline to follow-up in a given region on MRI
was taken as an indication of cartilage loss. An exceptionwas made,
however, for the change from grade 0 to 1, or awithin-grade change
for grade 1. Cartilage assigned grade 1 on MRI, with an abnormal
signal but no cartilage contour defect, has been shown to offer only
limited sensitivity for detecting cartilage pathology in comparison
to arthroscopy as the reference standard23. For the analysis here
those regions with stable or decreasing cartilage scores from
baseline to follow-up were used as the reference. The presence of
baseline subchondral sclerosis was considered as grades 1.
Each region of the knee was assessed separately. The association
of subchondral sclerosis at baseline with cartilage loss over time in
the same region of the knee was assessed using logistic regression,
adjusted for baseline age, gender, body mass index, and KL grade.
The unit of analysis in each regional analysis was the joint region of
study. Units are statistically independent since each is obtained on
a different subject (analyses on different regions are done sepa-
rately). Analyses were sample-weighted to ensure population-
representativeness of the results. The sample weight was devel-
oped as the ratio of population proportion in a given age-sex cell to
its sample counterpart. The population proportions were estimated
from screening questions asked of all telephone respondents with
history of knee pain, whether or not they were accepted into the
study. The logistic models passed the Hosmer and Lemeshow
Goodness-of-Fit Test at alpha ¼ 0.0524.Fig. 1. Coronal T2-weighted fat-saturated FSE (A) and sagittal oblique T1-weighted FSE (B) im
of low-signal intensity in both T1 and T2 images (arrowheads). Note the medial meniscal oA second analysis was performed to consider the presence of
concomitant edema-like BMLs in the same region of the knee at
baseline when adjusting the results, since such lesions are known
to predict cartilage loss1e3. Correlations at baseline between
radiographically-detected and MRI-detected subchondral sclerosis
in the three compartments of the knee using the Spearman’s rank
correlation. Furthermore, the same method was applied to assess
the correlations between the MRI features assessed for each region
(cartilage loss, baseline subchondral sclerosis and baseline BMLs),
as well as the correlations between baseline radiographic-detected
subchondral sclerosis and MRI-detected cartilage loss for each
compartment of the knee.
Results
One-hundred and sixty-three subjects were included in the
analysis, with 54% women (weighted n ¼ 88.1), and 39.4% with
radiographic knee OA (KL grade  2) at baseline (weighted
n ¼ 64.2). The mean age was 57.7 years (SD ¼ 10.1; range 40e79),
and the mean body mass index was 26.1 (SD ¼ 4.2; range 18.1e
43.2). The prevalence of baseline MRI-detected subchondral scle-
rosis in the regions varied between 1.6% at the trochlea and 17% at
the medial tibia (Table I). The prevalence of baseline MRI-detected
BMLs in the regions varied between 9.5% at the trochlea and 19.5%
at the medial tibia (Table I). The occurrence of cartilage loss over
time in the regions varied between 6% at the lateral tibia and 13.1%
at the medial femur (Table I). The prevalence of baseline sub-
chondral sclerosis detected on radiographs varied from 2.9%
(weighted n ¼ 4.8) at the patellofemoral compartment and 14.2%
(weighted n ¼ 23.1) at the medial tibiofemoral compartment.
In both adjusted models we found no signiﬁcant associations
between subchondral sclerosis at baseline detected by MRI and
cartilage loss over time in the same region of the knee (Table I).
Regarding the MRI features assessed, weak to moderate corre-
lations were found between baseline subchondral sclerosis and
cartilage loss, which varied from 0.33 (P < 0.0001) at the patella to
0.62 (P < 0.0001) at the medial tibia. No signiﬁcant correlation was
found at the trochlea. Further, weak to substantial correlations
were found between baseline subchondral sclerosis and baseline
BMLs, which varied from 0.26 (P < 0.001) at the trochlea to 0.8
(P < 0.0001) at the lateral tibia. Finally, weak to moderate corre-
lations were found between baseline BMLs and cartilage loss,
which varied from 0.37 (P < 0.0001) at the lateral femur to 0.64
(P < 0.0001) at the medial tibia. Complete data on correlations
between the MRI features assessed are presented in Table II.ages: grade 1 subchondral sclerosis in the medial tibia is depicted as an ill-deﬁned area
blique tear with moderate meniscal extrusion (arrow).
Fig. 2. (A) Sagittal T1-weighted image shows mild grade 2 subchondral sclerosis at the lateral femur (arrows), as well as mild grade 1 subchondral sclerosis at the lateral tibia
(arrowheads). (B). Sagittal T1-weighted image demonstrates moderate grade 2 subchondral sclerosis at the medial femur (white arrows), as well as moderate grade 3 subchondral
sclerosis at the medial tibia (black arrows). Note mild osteophytes in both compartments shown (A and B).
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detected and radiographically-detected subchondral sclerosis at
the medial (0.58; P < 0.001) and lateral (0.61; P < 0.001) tibiofe-
moral compartments. In the patellofemoral compartment, the
correlation was 0.26 (P < 0.001).
Moderate correlations were found between baseline
radiographically-detected subchondral sclerosis and MRI-detected
cartilage loss at the medial (0.55; P < 0.0001) and lateral (0.45;
P < 0.0001) tibiofemoral compartments. At the patellofemoral
compartment, the correlation was 0.29 (P < 0.001).
Discussion
In this cohort of subjects with knee pain, we failed to detect a
statistically signiﬁcant association between subchondral sclerosis
detected by MRI and cartilage loss in the same region of the knee
after 3 years after applying logistic regression analyses. However,
moderate to substantial correlations were found between these
features in regions of the tibiofemoral compartments. To our
knowledge, this is the ﬁrst study to assess the relationship between
MRI-detected subchondral sclerosis and cartilage loss in the same
region of the knee. Previous studies have attempted to evaluate the
relationship between subchondral sclerosis as detected by radio-
graphs and the progression of joint space narrowing (JSN) also
detected on radiographs, as well as the relationship betweenTable I
Associations of MRI-detected subchondral sclerosis with cartilage loss over time in the sa
for age, gender, bodymass index, and KL grade. **Addition of presence of concomitant ede
not be assessed




BMLs (weighted n; %)
Medial femur 23.3 (14.3%) 30.2 (18.6%)
Medial tibia 27.7 (17%) 31.8 (19.5%)
Lateral femur 12.7 (7.8%) 18.6 (11.4%)
Lateral tibia 11.7 (7.2%) 16.3 (10%)
Patella 23.5 (14.4%) 21.6 (13.3%)
Trochlea 2.5 (1.6%) 15.5 (9.5%)subchondral sclerosis on radiographs and quantitative cartilage loss
over time onMRI. Eckstein et al.25 assessed the association between
radiographic subchondral sclerosis and cartilage loss over time as
assessed quantitatively on MRI in the osteoarthritis initiative
cohort, and found that the presence of baseline subchondral scle-
rosis predicted cartilage loss. Another study conducted by Buck-
land-Wright26 showed that subchondral cortical bone and
subjacent trabeculae increased in thickness before any JSN could be
detected at follow-up, using macroradiography in subjects with
hand and knee OA, which suggests that changes in the subchondral
bone plate may precede JSN in radiographs. Bruyere et al.27
demonstrated in a study using dual-energy X-ray that sub-
chondral BMD at the tibia was independently correlated with JSN
over time, with the subjects in the lowest quartile of BMD experi-
encing less JSN after 1 year than those in the highest BMD quartile.
Wong et al. showed a signiﬁcant association of subchondral scle-
rosis at the tibia as assessed by radiographic bone texture param-
eters with JSN in the same compartment of the knee13.
In the present study, the presence of MRI-detected subchondral
sclerosis at baseline did not signiﬁcantly increase the risk of carti-
lage loss in the same region of the knee after 3 years. We believe
that the discrepancy between the results of the present study and
those from previous studies might be explained by the fact that the
presence of radiographically-detected subchondral sclerosis does
not exclude the possibility of the presence of concomitant edema-me region of the knee. No statistically signiﬁcant associations were found. *Adjusted
ma-like BMLs in the same region to the ﬁrst model. Associations at the trochlea could
cted Occurrence of
cartilage loss over



























13.4 (8.2%) e e
Table II
Correlations between theMRI features assessed: SS (baseline subchondral sclerosis),
BMLs (baseline bone marrow lesions), and CL (cartilage loss between baseline and
follow-up MRIs)







Medial femur 0.73 (<0.0001) 0.57 (<0.0001) 0.61 (<0.0001)
Medial tibia 0.66 (<0.0001) 0.62 (<0.0001) 0.64 (<0.0001)
Lateral femur 0.58 (<0.0001) 0.44 (<0.0001) 0.37 (<0.0001)
Lateral tibia 0.8 (<0.0001) 0.6 (<0.0001) 0.58 (<0.0001)
Patella 0.4 (<0.0001) 0.33 (<0.0001) 0.38 (<0.0001)
Trochlea 0.26 (<0.001) 0.11 (0.15) 0.44 (<0.0001)
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demonstrated that edema-like BMLs can be associated with sub-
chondral sclerosis seen on radiographs of the knee28. Furthermore,
we found substantial correlations between MRI-detected sub-
chondral sclerosis and BMLs in regions of the tibiofemoral com-
partments. It is possible then that in these previous studies, edema-
like BMLs were present in areas of subchondral sclerosis or in areas
demonstrating higher subchondral BMD, thus acting as a
confounder for the prediction of longitudinal JSN or cartilage loss in
the same knee compartment. Differently from radiographs, MRI is
capable of differentiating edema-like BMLs from bone sclerosis, and
in the present study it was possible to assess these distinct features
separately. That being said, it is difﬁcult to interpret the correlations
found between radiographically-detected subchondral sclerosis at
baseline and MRI-detected cartilage loss over time.
Since it has been demonstrated that degenerative subchondral
changes such as edema-like BMLs and attrition are predictors of
longitudinal cartilage loss over time1e3,10, one could argue that
sclerosis of the subchondral bone could also have the same effect
on cartilage morphology. It has been shown that MRI-detected
subchondral sclerosis presents histological ﬁndings similar to
those seen in edema-like BMLs7. As in areas with edema-like BMLs,
areas with sclerosis may also represent areas of the bone subject to
compressive stress, and adjacent cartilage damage could occur.
Stiffness and areas of high mineral density in the subchondral bone
would make the bone less capable of dissipating pressure across
the joint during loading, thereby transmittingmore of the load onto
overlying cartilage, causing the cartilage to breakdown14,29e32.
However, we did not ﬁnd an increased risk for longitudinal carti-
lage loss when MRI-detected subchondral sclerosis was present at
baseline in the same region of the knee, and we can only speculate
that edema-like BMLs and sclerosis, although sharing similar his-
tological features, may represent different phases of bone trabec-
ular changes and remodeling in the OA process.
We found moderate to substantial correlations between MRI-
detected subchondral sclerosis and cartilage loss in regions of the
tibiofemoral compartments. The discrepancy here compared with
the results from logistic regression analysis might be explained by
the fact that we found strong correlations between MRI-detected
subchondral sclerosis and BMLs in the same regions of tibiofe-
moral compartments, and BMLs are known as predictors of carti-
lage loss in the same region of the knee1e3.
Several limitations to the present study need mentioning.
Although we evaluated the presence of concomitant edema-like
BMLs in the same region of the knee at baseline, we cannot
exclude the possibility that incident BMLs occurred in the region
between baseline and follow-upMRI assessments. Further, it is also
possible that an edema-like BML present at baseline resolved
completely in that time frame. For the same reason (evaluation of
subchondral changes only at baseline), it is not possible to exclude
incident subchondral sclerosis in regions assessed betweenbaseline and 3-year follow-up. It should be noted that the esti-
mated effects reported in the present study are adjusted odds ra-
tios, and as such should not be interpreted as simple risk ratios.
Rather, they are a ratio of odds. Malalignment may have also
inﬂuenced edema-like BMLs, subchondral sclerosis and cartilage
loss. Malalignment is associated with a higher risk of structural
progression of OA as well as with cartilage loss in the compartment
loaded by the malalignment33. The increased load on a given
compartment of the knee could be directly responsible for longi-
tudinal cartilage loss, and subchondral changes such as BMLs and
sclerosis would play only a secondary role, as they are associated
with knee malalignment. Semiquantitative assessment of sub-
chondral sclerosis using MRI was never validated in previous
existing scoring systems for knee OA. However, the agreement for
MRI-detected subchondral sclerosis was substantial for the large
majority of regions of knee assessed in the present study. Another
limitation to this study was the fact that we could not assess the
associations for the trochlear region, due to the very low prevalence
of MRI-detected subchondral sclerosis in this region. Finally, no
calibration phantoms were used to standardize the assessment of
sclerosis on radiographs, and no reliability exercise was performed
for radiographically-detected subchondral sclerosis.
There was a weak correlation between MRI-detected and
radiographically-detected subchondral sclerosis in the patellofe-
moral compartment. It is possible that the discrepancy was due to
the higher sensitivity to sclerosis of MRI, as a cross-sectional im-
aging method, compared to the projectional technique of
radiography.
In conclusion, the presence of baseline MRI-detected sub-
chondral sclerosis does not increase the risk for further cartilage
loss in the same region of the knee. Although sclerosis has the same
histological features as edema-like BMLs and both are probably
related to mechanical loading, it is possible that sclerosis and
edema-like BMLs represent different phases of changes and
remodeling in trabecular bone during the loading process. This
might explain why in our cohort the presence of subchondral
sclerosis did not increase the risk of longitudinal cartilage loss in
the same region of the knee.Whether subchondral sclerosis reﬂects
inactivity of disease makes an interesting question.
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